The Golgi apparatus occupies a central position within the secretory pathway where it is a hub for vesicle trafficking. Distinct classes of transport vesicles traffic diverse cargoes into and out of this organelle, as well as between the different Golgi sub-compartments.
Introduction
The endomembrane system is a complex and highly dynamic network of membranebound compartments through which a multitude of diverse cargo molecules are trafficked. In most cases cargo is moved between the compartments in transport vesicles, which bud from one compartment and fuse with the next compartment in the pathway. It is vital that cargo is delivered to the correct destination, not only for the efficacy of trafficking per se, but also to ensure that organization of the endomembrane system is maintained. Specificity is ensured by a number of molecular machineries that mediate both targeting and fusion of vesicles at the correct downstream compartment. These machineries act in concert to capture the transport vesicle, a process referred to as tethering, which is followed by docking, the close apposition of vesicle and target membranes, and finally fusion, upon which vesicle cargo is delivered. In this review we will discuss our current understanding of vesicle recognition at the Golgi apparatus, an organelle that lies at the heart of the endomembrane system. The Golgi apparatus is comprised of distinct compartments called cisternae that are layered on top of one another to form the Golgi stack [1] . In certain eukaryotes the Golgi stacks exist as discrete entities, with each cell having one or more stacks, while in most vertebrate cells hundreds of Golgi stacks are laterally connected to form the Golgi ribbon, which is usually positioned next to the centrosome [1] . Newly synthesized secretory cargo is delivered from the endoplasmic reticulum (ER) into the cis-side of the Golgi apparatus [2] . Retrograde carriers recycle escaped ER residents and misfolded proteins, certain signaling molecules, as well as those membrane proteins that constitute trafficking machinery, back to the ER, while secretory cargo is trafficked onwards through the Golgi stack [3] . Such cargo is transported vectorially across the stack, providing access to resident enzymes within the Golgi cisternae that sequentially modify the cargo, most notably at the level of glycan processing [4] . Several models have been proposed for intra-Golgi trafficking, with cisternal maturation favored for most cargoes [5] . In this model cargo is retained within cisternae that progressively mature as they migrate across the Golgi stack, a process driven by vesicle-mediated recycling of Golgi resident proteins from later to earlier cisternae that results in a progressive change to cisternal composition and identity [6, 7] . Following transition across the Golgi stack, secretory cargo is sorted and packaged into trafficking intermediates at the trans-Golgi network (TGN) for delivery to various post-Golgi compartments, which include the plasma membrane, secretory vesicles, and endosomes [8] . In addition to sorting cargo for exit from the Golgi, the TGN also receives incoming material that is trafficked mostly from endosomal compartments [9] . Given its central position within the secretory pathway, and the fact that it interfaces with the endosomal system, with numerous incoming and outgoing trafficking intermediates, the Golgi apparatus can be viewed as a hub for membrane traffic. Because of the complexity of trafficking at the Golgi, it is imperative that transport vesicles are recognized in a highly specific manner at the various distinct regions of this organelle. Specificity is provided by vesicle tethering proteins and SNAREs, which act in a coordinated and likely sequential manner to facilitate vesicle capture at the Golgi membrane followed by the subsequent steps that terminate in vesicle fusion ( Figure 1 ).
Vesicle capture by golgins 5
The initial capture or tethering of transport vesicles at the Golgi apparatus is most likely mediated by golgins, a family of elongated coiled-coil tethering proteins, of which there are at least eleven members [10, 11] . Golgins are anchored to the Golgi membrane via their carboxy terminus, either through binding to membrane-associated small GTPases of the Arf, Arl or Rab families, or through a membrane integrated tail anchor [10, 11] . Due to their coiled-coil nature, golgins are thought extend a considerable distance (predicted to be in the range of 100-600 nm) into the surrounding cytoplasm. This organization is ideal for capturing vesicles at long range, and as such is likely to increase the efficiency of trafficking. The golgins also play a major role in dictating specificity of trafficking at the Golgi apparatus. Using an elegant gain-of-function assay in which golgins were targeted to mitochondria, Wong and Munro were able to show, firstly, that golgins are sufficient to tether transport vesicles, and secondly, that different golgins tether different types of vesicles [12**]. For example, TGN golgins selectively captured endosomederived vesicles, whereas those at the cis-Golgi captured vesicles bringing cargo from the ER, and golgins at the cisternal rims tethered intra-Golgi transport vesicles. The ability of different golgins to tether different vesicles therefore tallies with their differential localization to distinct Golgi regions ( Figure 2 ).
Tethering motifs
For optimum efficiency of vesicle capture by golgins we may predict that they tether vesicles at sites distal to the membrane; that is by their amino terminal region. For most golgins this appears to be the case. The best understood example is GMAP-210, which Other golgins lack an ALPS motif and use a different mechanism to capture vesicles.
GM130 binds the vesicle docking protein p115 via its membrane-distal amino terminal region [16] , and it has been proposed that p115 interaction supports vesicle tethering during secretory traffic and post-mitotic Golgi assembly [16] [17] [18] . However, GM130 lacking the p115 binding site is able to tether transport vesicles when rerouted to mitochondria [12**], so it is likely other determinants can also support tethering by GM130. It is therefore possible that GM130 has two tethering motifs, one that can bind p115 and another that remains to be identified.
The vesicle tethering motifs of several other golgins have recently been identified [19**] . These motifs are located at the extreme amino terminus, and act in a selective manner to tether vesicles. Tethering of intra-Golgi vesicles is mediated by a conserved motif found in golgin-84, TMF1, and GMAP-210. In the latter case, the newly identified tethering motif is distinct from the ALPS motif, and, interestingly, it appears to capture vesicles that are distinct from those captured by the ALPS motif, indicating that GMAP-210 can tether different vesicles using two separate mechanisms. Tethering of endosomederived vesicles by the TGN golgins is mediated by motifs that are distinct from those that capture vesicles earlier in the Golgi [19**]. Interestingly, GCC88 uses a motif that is different to that found in both golgin-97 and golgin-245, suggesting it tethers different endosome-derived carriers to those tethered by the other two golgins [19**]. Although the tethering motif of the TGN golgin GCC185 is unknown, in vitro experiments have indicated that it can tether transport vesicles through its amino terminal region, whose sequence differs from that of other TGN golgins [20**]. Structural analysis has indicated that this region can adopt a splayed conformation, which may allow increased avidity of binding through 'cradling' of the spherical vesicle by the two splayed ends of the protein [20**].
Golgins and Rab GTPases: getting closer to the membrane
All known golgins bind to Rab GTPases, raising the formal possibility that vesicle capture could occur through interactions between the golgins and vesicle-associated Rabs. However, Rab binding sites are distinct from the amino terminal tethering motifs described above, and tend to be located along the length of golgins [21] , which argues against a role in vesicle capture. Therefore, Rab binding is likely more important for the steps that follow capture, where the vesicle has to move closer to the target membrane to undergo docking and fusion ( Figure 1 ). In the case of GMAP-210, it has been shown that Rab2 binding does not contribute to the initial tethering event, but is required for full functionality of GMAP-210 at the Golgi apparatus, supporting the idea that Rab2 binding acts downstream of tethering [14*]. Interaction between the vesicle-bound Rab and Golgi-membrane associated golgins could allow the vesicle to hop down the length of a golgin, or even onto an adjacent golgin able to bind the same Rab, helping it navigate its way through the meshwork of golgin 'tentacles' to contact the Golgi membrane [22] .
Another scenario is that Rab binding may induce a conformational change in the golgin, such that the vesicle is brought into close proximity to the Golgi membrane, which may occur by bending of the golgin, or via its collapse. The latter has been demonstrated for the endosomal coiled-coil tethering protein EEA1, which undergoes entropic collapse upon binding to Rab5 [23*]. Golgins have numerous breaks in their coiled-coil domains, implying a high degree of flexibility, and, at least for GCC185 and GM130, it has been shown that they can fold into shorter conformations through bending at internal flexible hinge regions [20**,24].
Multi-subunit tethering complexes -orchestrators of tethering downstream from golgins
Following vesicle capture by golgins and Rab engagement additional interactions are required to mediate the transition from tethering to docking and fusion ( Figure 1 ). This is where the multi-subunit tethering complexes (MTCs) most likely function. The MTCs are found at various locations within the endomembrane system, and as the name suggests they comprise multiple subunits of varying size [25] . Three of the MTCs have been localized to the Golgi apparatus, namely Transport Protein Particle (TRAPP), Conserved Oligomeric Golgi (COG), and Golgi-associated Retrograde Protein (GARP). There are three TRAPP complexes, designated TRAPPI-III, with the core TRAPPI complex localized to the cis-Golgi, and TRAPII and TRAPIII, formed by the association of additional subunits, located later in the secretory pathway [26, 27] . The TRAPP complexes were initially through to function as vesicle tethers, but their activity in tethering is likely indirect. The ability of TRAPP to function as a guanine nucleotide exchange factor (GEF) for Rab1 (Ypt1 in yeast) at the cis-Golgi [28] [29] [30] , and Rab11 (Ypt31/32 in yeast) at later compartments [31, 32] , suggests its contribution to tethering is likely through promoting recruitment of Rab effector proteins, which could include some of the golgin tethers described above.
COG and GARP
In contrast to TRAPP, COG and GARP contribute directly to vesicle recognition at the Golgi (Figure 2 ). COG is a complex comprised of eight subunits that is present on all Golgi cisternae and functions in intra-Golgi trafficking [33, 34] . GARP, which is comprised of four subunits, is restricted to the TGN and functions in endosome to Golgi trafficking [35] . COG and GARP are members of the CATCHR family of MTCs, which are distantly related to each other and contain similar α-helical bundled domains arranged in series [36] . This organization results in an extended conformation. Electron microscopy has shown that the COG and GARP complexes share a similar overall structure, both having flexible legs that extend from a central hub that is formed by the anti-parallel alignment of complex subunits [37,38**,39**]. The extended conformation of COG and GARP raises the possibility that they could function as tethering complexes.
Consistent with this notion, relocation of COG subunits to mitochondria was able to promote tethering of vesicles containing Golgi SNAREs [40] . However, this experiment was performed with over-expressed SNAREs, and so whether COG can tether native vesicles containing endogenous cargo remains to be demonstrated. Similarly, whether GARP is sufficient to tether vesicles has not been demonstrated.
Rather than functioning as vesicle tethers, that is in the initial vesicle capture event, we think it is more likely that COG and GARP act downstream of golgins to coordinate the transition from vesicle tethering to fusion (Figure 1 ). They are shorter than the golgins, which suggests they would be less efficient at vesicle capture over long distance. COG interacts with numerous trafficking components that include coat proteins, golgins, Rabs, SM proteins that regulate SNARE activity, and the SNAREs themselves [34] . GARP binding partners are less well defined but also include Rab and SNARE proteins [35, 41] . Hence, COG and GARP are well placed to facilitate the transition from tethering to fusion. By interacting with components on both the vesicle and the target membrane, and by acting in conjunction with golgins, both the fidelity of vesicle recognition and the strength of vesicle attachment to the target membrane are likely greatly enhanced by COG and GARP. It is tempting to speculate that the elongated 'spidery' arms of the COG and GARP complexes bridge the various factors that act downstream of golgins to orchestrate the transition from one state to the next, ultimately leading to the pairing of cognate SNAREs on the vesicle and target membrane to drive membrane fusion. Both COG and GARP have been shown to promote SNARE pairing [42] [43] [44] . Structural analysis has indicated that the SNARE binding regions within COG and GARP are four helical bundles, reminiscent of that seen in SNARE complexes, suggesting COG and GARP could modulate SNARE complex assembly by swapping helices with those of the SNAREs, or by packing together with the SNARE helical regions, to help bring SNAREs together in a complex [37] .
COG sub-complexes
Although we know much about COG interaction with binding partners and its architecture, how it works at a mechanistic level is poorly understood. Interestingly, despite being identified as a complex of eight subunits, recent evidence supports the notion that COG can also exist as two functionally relevant but physically distinct sub- shown in yeast that subunits Cog1-4, also referred to as the core complex, are essential, whereas Cog5-8 are dispensable for growth, at least under laboratory conditions [37, 46] .
Similarly, loss of lobe A subunits is lethal in Drosophila, whereas loss of lobe B subunits leads to milder phenotypes, and mutations in the COG1-4 subunits are more detrimental to humans than those in the COG5-8 subunits [33] . Hence, the COG1-4 sub-complex fulfills a vital function in vesicle traffic that cannot easily be bypassed, whereas that performed by the COG5-8 can, at least to some extent. Perhaps the interactions mediated by COG5-8 can be substituted for by other factors that the COG1-4 sub-complex can interact with. In the native wild-type situation, when all subunits are present, the separation of the two sub-complexes onto target membrane and vesicle suggests that a fully functional COG complex, generated by the association of the two sub-complexes, can only form upon vesicle tethering. This may be analogous to the assembly of the exocyst, a CATCHR complex involved in tethering of exocytic vesicles at the plasma membrane [36] , and would allow COG to facilitate the transition to from tethering to fusion in the right place at the right time ( Figure 1 ).
The GARP complex bears an interesting structural resemblance to the COG1-4 sub-complex [37,38**], suggesting that GARP and COG1-4 may function in a similar manner. GARP could therefore perform the same core functions that COG1-4 seems capable of, but for traffic at the TGN instead of within the Golgi stack. There does not appear to be an equivalent of the COG5-8 sub-complex for GARP, suggesting there are some mechanistic differences to COG. An alternative and more speculative possibility is that there is a GARP equivalent of the COG5-8 sub-complex, whose association with the core GARP complex is weaker than that between the COG sub-complexes. If it exists this sub-complex would be predicted to reside on vesicles tethered by GARP.
SNARE pairing-the final specificity step
It is well established that SNARE proteins mediate the docking and fusion of transport vesicles [47] . Although not the primary determinants of vesicle recognition, the pairing of cognate SNAREs still provides a layer of specificity to the vesicle recognition process that is downstream from the steps mediated by golgins and MTCs. The four-helix SNARE complex is formed through the pairing of one helix from a so-called R-SNARE, and three helices from so-called Q-SNAREs, typically with one of these SNAREs on the vesicle paring with two-three SNAREs on the target membrane [47] . For ER to Golgi trafficking vesicle-associated Bet1 pairs with syntaxin-5/GS27/ERS24 in the early Golgi [48] . For intra-Golgi traffic, GS15 on vesicles pairs with syntaxin-5/GS28/YKT6 within the Golgi stack [48] . At the TGN, vesicle associated VAMP3 or VAMP4 pairs with syntaxin-16/Vti1a and either syntaxin-10 or syntaxin-6 respectively [48] . As mentioned above the COG and GARP complexes help promote SNARE pairing, acting in a selective way on the SNAREs involved in intra-Golgi and endosome-Golgi traffic [42] [43] [44] , thus ensuring that tethering is coupled with downstream docking and fusion of transport vesicles at the correct region of the Golgi apparatus (Figure 1) .
Unanswered questions and future directions

What are the vesicle-associated determinants recognized by tethering motifs?
Our understanding of the Golgi-associated vesicle tethering machinery has improved significantly over recent years. However, there are many unanswered questions. The recent identification of tethering motifs in the amino termini of golgins is an important discovery [19**], but we do not know the determinants on the vesicle that they recognize.
Such determinants may be protein or lipid. Vesicles are coated during their generation, but whether vesicle-associated coats contribute to tethering at the Golgi is unclear.
GCC185 can bind to the AP1 component of the clathrin coat, suggesting possible involvement of the coat in tethering [49] . This interaction could act in conjunction with tethering by the extreme amino terminus of GCC185 to stabilize vesicle attachment, or it could contribute to the events that occur post-tethering [50] . Regardless, the interaction between GCC185 and AP1 implies that vesicles tethered by GCC185 must be at least partially coated. For other golgins the situation is less clear. Physical interaction with coat proteins has not been reported, and Golgi vesicles captured by several of the golgins when targeted to mitochondria appear to lack a coat [12**], suggesting that coats are not required for tethering in those cases, or that they are rapidly lost following tethering.
Certainly in the case of tethering by the ALPS motif of GMAP-210, the coat must at least be partially uncoated prior to tethering to allow access to the vesicle lipids [15*]. Several subunits of COG bind to COPI [51] [52] [53] [54] . Such interactions could contribute to vesicle recognition at the target membrane, acting in conjunction with other vesicle-associated factors to stabilize tethering and/or promote downstream events. However, another possibility is that the interaction with COPI acts further upstream to recruit COG into newly forming transport vesicles, as is likely to occur for the COG5-8 sub-complex [45**] . Further studies will be required to determine the precise role, if any, of the coat in vesicle recognition at the Golgi.
Do all golgins tether vesicles?
Interestingly, three of the golgins tested (giantin, CASP, and GCC185) failed to show activity in the mitochondrial tethering assay [12] . This could reflect the possibility that these golgins do not function as vesicle tethers at all, that they tether vesicles not present in the analysis. Another scenario could be that they tether non-vesicle membranes, which may include Golgi cisternae, or tubular regions of the Golgi such as the TGN, the fenestrated regions located between stacks within the Golgi ribbon, or tubular carriers that have been postulated to mediate intra-Golgi traffic [55] . Giantin is able to promote linking of Golgi stacks within the ribbon, suggesting a possible role in membrane tethering that is required to maintain Golgi organization as opposed to vesicle traffic [56] .
It is also possible that tethering was not observed in the mitochondrial assay because the golgin tether is active only on the vesicle, as opposed to the target membrane, which would not have been detected the way the assay was designed [12**]. Certainly, some golgins can enter transport vesicles, but whether they are functional in this context is currently unclear. Most golgins are peripheral membrane proteins recruited to the Golgi membrane through interactions with small GTPases [10, 11] . However, some golgins are membrane anchored (giantin, CASP, golgin-84), and so must be recycled within the Golgi stack to maintain their correct steady-state distribution. In this scenario it is likely that golgins are simply cargo that is tethering incompetent, possibly through adoption of a 'closed' inactive conformation, but it remains possible some, or all, may also work as vesicle-associated tethers. Further work will be required to discriminate between these possibilities.
Mechanisms and additional factors?
Vesicle recognition at the target membrane requires the coordinated action of golgins, MTCs, Rabs and SNAREs. These proteins act in concert to ensure that vesicle cargo is delivered to the correct Golgi region in a specific manner. The transition from initial capture to vesicle fusion is likely to require significant conformational rearrangements, but how these are brought about remains a mystery. Combining structural biology with more refined cell-based experiments, using both gain-of-function and loss-of-function assays, will undoubtedly provide important new insights. Such approaches will also help address issues such as whether golgins have 'open' and 'closed' conformations that correspond to active and inactive states respectively, which may be true for the tailanchored golgins that need to be delivered in vesicles to their site of action at the Golgi. It is also likely that additional Golgi tethering factors remain to be identified. Golgins share limited sequence identity, and so identifying new members of this family is not straightforward. Similarly, there may be additional MTCs that lack sequence similarity with the known tethering complexes, and we should also not exclude the possibility that other proteins not conforming to either golgin or MTC designations may remain to be discovered. Finally, whether golgins and MTCs can associate in tethering 'hotspots' is an interesting question. This has recently been shown for the Dsl MTC at the ER [57] , and it tempting to speculate that analogous regions may also be present at the Golgi, providing a higher degree of spatial organization than currently appreciated.
[**] A key paper showing that golgins are sufficient to tether transport vesicles and that golgin-mediated tethering occurs in a specific manner. The results indicate that golgins contribute to the specificity of trafficking at the Golgi apparatus. [*] In this paper the features of transport vesicles that are recognized by the ALPS motif of GMAP-210 are identifed. It is shown that the vesicle lipids and the packing of these lipids are recognized in a specific manner by the ALPS motif to impart selectivity to GMAP-210-mediated tethering. 
